Linear B-cell epitopes of the Rhodococcus equi virulence-associated protein (VapA) were mapped using a synthetic peptide bank in this study. The peptides were screened in an enzyme-linked immunosorbent assay (ELISA) with a total of 70 sera from foals with current R. equi disease (51 sera), as well as from foals that had either recovered from R. equi infection 10 months previously (3 sera) or that had no known history of R. equi disease (16 sera). An epitope with the sequence NLQKDEPNGRA was identified and was universally recognized by all 51 sera from foals with R. equi disease and was not recognized by any of the other sera. There was poor reactivity between all sera and peptides relating to other areas of the VapA protein. It is proposed that an ELISA based upon a defined peptide epitope may be used in an improved serological diagnostic test for R. equi infection in foals.
Rhodococcus equi is a facultatively aerobic, gram-positive bacterium considered to be a soil saprophyte (3) . R. equi is a significant pathogen in foals, causing a pyogranulomatous pneumonia which is sometimes accompanied by extrapulmonary manifestations such as bacteremia, lymphadenitis, and enteritis (2, 16) . R. equi is also known to sometimes cause severe pulmonary and disseminated disease in immunocompromised humans, particularly in AIDS patients (4) .
Currently, an important virulence-associated factor identified in R. equi disease in foals is considered to be the virulenceassociated protein, VapA (10, 22) . This protein is 15 to 17 kDa and is encoded by a gene present on a large 85-to 90-kb plasmid. Previous studies have shown that the majority of clinical R. equi isolates from foals, unlike environmental isolates, typically contain this virulence plasmid (8, 20) . Giguere et al. have shown that this plasmid plays a role in the intracellular survival and replication of R. equi in host macrophages and consequently is an important factor for the development of R. equi disease in foals (5) . Importantly, studies have shown that the detection of significant levels of antibody to semipurified VapA is a reasonable marker of virulent R. equi infection in foals (14; S. A. Hines and S. K. Hietala, Editorial, Equine Vet. J. 28:339-340, 1996).
The aim of this study was to identify linear B-cell epitopes of VapA by screening a synthetic peptide library based upon this protein with sera from R. equi infected foals in an enzymelinked immunosorbent assay (ELISA). Similar studies have been carried out on other antigens associated with bacterial pathogens with success (12, 13) .
Peptide assay. Biotinylated peptides synthesized by Mimotopes, Victoria, Australia, were used in all of the assays. The peptide bank used in the initial screening of sera was designed based upon the published sequence of VapA (GenBank accession no. D21236) (18) . A total of 50 overlapping peptides, each 11 amino acid residues in length (offset by 3 residues at a time), were synthesized beginning from the predicted signal peptide cleavage site between amino acids 31 and 32 up to and including the C terminus.
A second set of peptides was used to further define the region between peptides 11 and 14 (LQKDEPNGRASD) of the VapA protein. A total of 19 peptides were designed based upon this region; 12 were truncated peptides and contained single stepwise amino acid deletions starting from either the N or the C terminus. Six peptides were overlapping 6-mers and covered the sequence offset by one residue at a time beginning at the N terminus. A final peptide KDEPNGR was designed based upon the core sequence of the B-cell epitope identified in assays using the previous 18 peptides.
A total of 70 foal sera, most of these from animals aged between 4 to 12 weeks, were used to screen the peptides. Fifty-one sera were from foals with current R. equi disease (positive sera). Sixteen sera were from foals with no known history of R. equi infection, and three sera were from foals that had recovered from R. equi infection 10 months previously (negative sera). Thirty-nine of the positive sera and all negative sera were obtained from studs in South Australia and New South Wales, Australia. The remaining sera were obtained elsewhere ( Table 1) .
The ELISA using the biotinylated peptides was performed by the method recommended by the manufacturer with the following modifications: Neutravidin (Pierce Chemical Company) at a concentration of 0.3 g/well was used to coat the plates. Plates were blocked for 2 h at 4°C. The conjugate diluent used contained 1% casein to decrease the nonspecific binding. The secondary antibody used was caprine anti-horse immunoglobulin G (Bethyl Laboratories). The whole-cell antigen was prepared with R. equi ATCC 33701 (known to contain the VapA-encoding virulence plasmid) using a previously described method (1) . Briefly, bacteria cultured on plates for 48 h were harvested, washed with physiological saline, and fixed overnight in 1% formalin in saline. The following day the bacteria were washed three times in saline, resuspended in bicarbonate coating buffer, and used in the ELISA. The wholecell preparation was not tested for the presence of VapA or any other specific antigens.
Tetramethyl benzidine was used as the chromogenic substrate in all assays, and optical density (OD) values were read in an ELISA plate reader at a wavelength of 450 nm (reference wavelength, 630 nm).
Interpretation of data. In the initial assay using the 50 peptides in the overlapping bank of the entire VapA protein, a positive result was assigned by using a cutoff value of twice the background OD. The background OD was the mean of the lowest 50% of all OD values obtained with that particular serum, and all OD readings that were twice this value were considered positive. The background ranged from 0.04 to 0.3, indicating a high degree of variability in the reactivity of sera with the peptide bank.
In the assay to identify the most reactive peptides containing elements of region LQKDEPNGRASD, the cutoff OD value for a positive result was determined using the mean value of the lowest 25% of all OD values obtained with that serum (range, 0.13 to 0.78) plus three times their standard deviation. All OD readings above the cutoff point were considered positive.
A positive result in the R. equi whole-cell ELISA was based upon twice the background OD. The background OD (0.07 to 0.37) was the OD value of the well containing all reagents and sera used in the corresponding test assay without the wholecell antigen preparation. All OD values above the background OD were considered positive.
Screening of sera with peptide bank of VapA sequence. The 51 positive sera screened against 50 peptides recognized an epitope between amino acids 62 to 81 of the VapA sequence corresponding to peptides 11 to 14 (OD values between 0.25 and 1.5). The amino acid sequences of these peptides are TSLNLQKDEPN (peptide 11), NLQKDEPNGRA (peptide 12), KDEPNGRASDT (peptide 13), and PNGRASDTAGQ (peptide 14). Peptide 12 was universally recognized by all 51 sera associated with current R. equi infection. Forty-nine of these sera recognized at least two peptides in this region, and two sera were positive with only peptide 12 ( Table 1) . Thirteen sera were positive with all four peptides, i.e., peptides 11 to 14. Four sera were positive with peptides 15 or 16 in addition to reacting with at least one peptide in the region from peptides 11 to 14 (Fig. 1) .
In addition, 11 of the positive sera also reacted positively with one or two of the peptides from 41 to 43 (region between amino acids 152 and 168 of VapA). The sequence of this secondary epitope did not have any similarity to the sequence encompassed by peptides 11 to 14. Ten of these sera gave a positive result with peptide 41, which corresponded to sequence YLNINFFDSSG (Fig. 1) .
Apart from these peptides, six sera reacted positively with peptides from other regions of VapA (data not shown) and generally had OD readings ranging from 0.13 to 0.6; however, these readings were much less than those obtained with peptides 11 to 14 (0.25 to 1.5). All sera from animals with no known history of R. equi infection gave a negative result with peptides 11 to 14.
These assays show that a major linear epitope of VapA lies in the region between peptides 11 and 14 corresponding to amino acids 62 to 81 of the VapA precursor protein sequence. Based on the universal reactivity of peptide NLQKDEPNG RA, it is likely that a B-cell epitope is in this region of VapA.
The region between peptides 11 and 14 of VapA contains predominantly hydrophilic residues, and analysis of the precursor VapA sequence using the Hopp and Woods hydrophobicity algorithm indicated that the region corresponding to peptides 11 to 14 was the most hydrophilic region of the entire protein (11) . Studies have shown VapA to be a lipid-modified, hydrophobic, surface-expressed protein (19) . Therefore, it would be expected that the hydrophilic region of this protein would lie on the cell surface and consequently be more likely to interact with the host immune system. Interestingly, the minor epitope identified between peptides 41 and 43 was within the hydrophobic region of the VapA protein. This may mean that occasionally non-cell-surface-exposed regions of VapA do interact with the host immune system, although to a much lesser extent than the major cell surface domain of the protein.
Further definition of the B-cell epitope within NLQKDEPNGRASD. The 51 positive sera were tested against the peptides LQKDEP, QKDEPN, KDEPNG, DEPNGR, EPNGRA, PNGRAS, NGRASD, LQKDEPNGRASD, LQKD EPNGRAS, LQKDEPNGRA, LQKDEPNGR, LQKDEPNG, LQKDEPN, QKDEPNGRASD, KDEPNGRASD, DEPNG RASD, EPNGRASD, and PNGRASD. All of these sera gave relatively high OD values (between 0.5 and 1.17) with peptides containing KDEPNGR as part of their sequence. However, none of the peptides was universally recognized by all of the positive sera tested, unlike peptide 12 from the initial VapA peptide bank (Fig. 2) .
These results indicated that it was not possible to further define or shorten the epitope NLQKDEPNGRA since shortening of the peptide in this region resulted in decreased OD readings with some sera. Similar results relating to studies on various non-R. equi antigens have been reported by some researchers (S. Rodda, personal communication) and may occur because some antibodies in a particular serum react more avidly with certain amino acid residues than with others within the epitope. This would mean that a shortened peptide may only react with a proportion of VapA antibodies present in a particular serum, resulting in a weak-positive or false-negative reaction. Previous studies relating to the epitope mapping of Mycoplasma bovis variable surface lipoproteins have shown B-cell epitopes to be around three to seven amino acid residues long (17) . However, other studies have shown universally reactive B-cell epitopes relating to bacterial antigens to be as long as 13 or even 15 residues (6, 25) , similar to the size of the 11-mer epitope NLQKDEPNGRA described here.
Comparison of peptide-based ELISA with a whole-R. equicell-based ELISA. Thirteen positive sera in the peptide assay were negative in an ELISA based upon whole R. equi cells. These sera gave lower OD readings (0.25 to 0.7) compared with the remainder of the positive sera (0.7 to 1.7) in the peptide assay. This indicates that with weakly positive sera, the whole-cell assay was not as sensitive as the peptide assay.
Importantly, 10 negative sera in the peptide-based assay were positive with the whole-cell ELISA. These may be falsepositive results due to the whole-cell assay detecting the presence of antibodies to non-VapA antigens, expressed by nonpathogenic environmental R. equi, that the foals had been exposed to.
The results clearly indicate that the peptide-based ELISA is superior to that based upon whole cells because of its greater sensitivity. In addition, the whole-cell assay was more timeconsuming and labor-intensive to perform compared to the peptide-based test. The peptide assay also has the advantage in that the target peptide antigen can be more readily quality controlled and easily produced in contrast to a whole-cell extract.
Significance of the linear B-cell epitope of VapA. There have been other ELISA techniques developed for R. equi serology in   FIG. 2 . Further definition of the B-cell epitope within LQKDEPNGRASD using peptides derived from that sequence. Positive peptides were defined as having an OD of at least three times the standard deviation above the lowest 25% of all OD values at a 450-nm wavelength (OD range, 0.13 to 0.78). Numbers above columns indicate actual numbers of sera reacting with a given peptide. The universally reactive peptide 12 (NLQKDEPNGRA) has been included for comparison. the past; these have mainly been assays using antigens of unknown identity from R. equi, including Tween 20 extracts of a VapA-negative R. equi ATCC 6939 (7, 21) and lyophilized supernatant antigens of various strains of R. equi (9) . Consequently, these assays did not specifically detect antibodies to VapA. Furthermore, earlier studies have demonstrated the presence of antibody against presumably nonpathogenic R. equi in healthy horses and foals. This highlights the importance of detection of VapA-specific antibodies in order to differentiate between a clinical R. equi infection and environmental exposure to nonvirulent R. equi (9) . A VapA-based ELISA developed previously was found to be more useful with respect to specificity; however, it was not suitable for use as a routine diagnostic test, since VapA protein extraction was laborious and possibly contained other antigens in addition to VapA (14) . Therefore, an ELISA based on universally reactive synthetic peptide epitopes of the VapA protein has the potential to be used as an easy-to-perform and specific routine diagnostic test.
Recently, Takai et al. described six other virulence-associated proteins-VapC, VapD, VapE, VapF, VapG, and VapHencoded by genes on the 80-to 90-kb R. equi virulence plasmid (24) . In addition, VapB associated with intermediately virulent R. equi on a second plasmid has also been described (23) . None of these proteins contained regions of significant homology to the B-cell epitope identified in this study (23, 24) .
In conclusion, the B-cell epitope of VapA identified in this study may be used in a convenient and reliable diagnostic test for R. equi disease. Previous studies in the murine model indicate that VapA may be important in the immune response to R. equi (15) , it is therefore possible that the epitope identified in this study may be used as a component of a vaccine for the prevention of R. equi disease in foals, particularly as a component in a multivalent combination vaccine.
